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Abstract

There are exactly seven edge-to-edge tilings of the sphere by con-
gruent equilateral pentagons.

1 Introduction

This paper is the second in the series of our attempt at the classification of
edge-to-edge tilings of the sphere by congruent pentagons. The first of the
series is by Cheuk, Cheung and Yan [2], in which we showed how to classify
such tilings when there is enough variety in edge lengths. Specifically, we
proved that, if there is a tile with all vertices having degree 3, then there is
no tiling by more than 12 tiles, such that the edge combination is a®be, a®b?c,
or a®b?. The method should be sufficient for dealing with all the other cases
of enough variety in edge lengths. When all edges have equal length (i.e.,
the tiles are equilateral pentagons), however, a completely different method
is needed. This is developed in this paper.

For general discussions about spherical tilings, we refer the reader to the
introduction of [2]. Here we only mention that the tile in an edge-to-edge
tiling of the sphere by congruent polygons must be triangle, quadrilateral or
pentagon. The triangular tilings are completely classified [5, 6]. We believe
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the pentagonal tilings are easier to study than the quadrilateral ones because
5 is the “other extreme” in 3,4,5. After developing the method for the case
that there is enough variety in the edge lengths in [2], and the case that there
is no variety in the edge length in this paper, the remaining and the most
difficult case is the edge combination a*b, which means that four edges of the
pentagon have equal length and the fifth edge has different length. This will
be the subject of a future paper in the series.

The key idea of the paper is the following. A general pentagon is deter-
mined by the free choice of 4 edge lengths and 3 angles, yielding 7 degrees
of freedom. The requirement that all 5 edges are equal imposes 4 equations,
leaving 7 — 4 = 3 degrees of freedom for equilateral pentagons. Therefore 3
more independent equations are enough to completely determine such pen-
tagons.

On the other hand, the complete list of possible angle combinations at
degree 3 vertices in a tiling is given by [4, Theorem 1]. Moreover, further
restrictions on such combinations are given by [4, Section 3] (and Proposition
5 in particular). With one exception, this provides 3 independent equations
among 5 angles. This means that, with one exception, the equilateral pen-
tagon can be completely determined. Once we know the pentagon, it is then
not difficult to find the tiling.

The minimal case of edge-to-edge tilings of sphere by 12 congruent pen-
tagons is completely classified [1, 3]. In fact, the minimal tiling by congruent
equilateral pentagons is the regular dodecahedron. Hence we will assume the
number of tiles f > 12 in this paper. By [7], we actually know that f is an
even number > 16.

It turns out that we need to calculate more than 400 cases, including
various angle arrangements in the pentagon. We use the MAPLE software
to carry out all these calculations and find out that almost all cases either
do not lead to equilateral pentagons, or lead to pentagons whose area is
not 4w (the area of the unit sphere) divided by an even number > 16 (the
number of tiles). For the remaining limited number of cases, we find total of
seven tilings. Together with the regular dodecahedron from [3], we have the
following complete list.

Theorem. There are eight tilings of the sphere by congruent equilateral pen-
tagons. In the list below, the edge length is a, the angles are arranged as
[, B,6,7, €] in the pentagon, and we always have o +  + v = 2mw. Specifi-
cally, there are three pentagonal subdivisions:



1. f=12,a=02321, a=0=7=0=¢= %7‘(‘. Regular dodecahedron,
or subdivision of tetrahedron.

2. f =24, a=0.17457, o = 0.80107, § = 0.51137, 7 = 0.6875, § = 2,

€ = %7?. Subdivision of (cube, octahedron). See Case 4.2c in Section

3.4.

3. f =060, a=0.11867, o = 0.90597, 8 = 0.40937, v = 0.68477, § = %7?,
€= %71', f = 60. Subdivision of (dodecahedron, icosahedron). See Case
4.2d in Section 3.4.

There are four earth map tilings (Figure 11):

4. f =16, a=0.21557, a = 0.45367, 5 = 0.88237, v = 0.66397, 6 =
€= %77. See Case 1.5b in Section /4.4.

5. f=20,a=0.21687, a = 0.30957, f = 1.06157, v = 0.62887, § = %7?,
€= %71 See Case 2.6b in Section 4.4.

6. f =24, a=02501r, o = 0.1440m, B = 37, v = 0.52267, § =
€= %77. See first solution in Section 4.1.

7. f =24, a = 0.26147, a = 0.11927, § = 1.38077w, v = %ﬂ', 0= %7?,

5. See second solution in Section 4.1.

€:6

And there is one special tiling (Figure 16):

8. f=20,a=0.21687, a = 0.30957, 5 = 1.06157, v = 0.62887, § = %7?,
€= %71’. See Case 1.4b in Section 4.4.

The decimal values are effective digits. For example, a = 0.23227 means
a € [0.23227,0.23237]. The convention will be adopted throughout the pa-
per, and we provide enough digits so that the approximate values are enough
for rigorous conclusions.

The pentagonal subdivisions are are given by [4, Section 8]. The earth
map tilings are given by Figure 11, in which three “timezones” are depicted.
The earth map tilings with f = 16, 20, 24 tiles have respectively 4,5, 6 time-
zones.

We note that the fifth and eighth tilings have the same pentagon. More-
over, we know the exact values of all data in the first, sixth and seventh
tilings. For example, we have a = arccos % for the regular decahedron and

a = arccos \/ —3 + 2v/3 for the seventh tiling. More exact values and more
digits for approximate values will be presented in the paper.
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2 Spherical Geometry of Equilateral Pentagon

Consider the spherical equilateral pentagon in Figure 1, with edge length a
and five angles o, ,7,0,¢. By [1] and [2, Section 3], we may calculate the
great arc x connecting 3 and € vertices, from the triangle above x as well as
the quadrilateral below x
cosx = cos> a + sin asin® a,
cosx = (1 — cosy)(1 — cosd) cos® a — sinysin d cos® a
+ (cosy 4 cosd — cosy cos d) cosa + sin 7y sin 6.

Equating the two formulae for cos z and dividing 1 —cos a, we get a quadratic

equation for cosa
Lcos*a+ Mcosa+ N =0,

where the coefficients depend only on «, 7, 9,
L =(1—-cosv)(1—cosd),
M = cosa + cos(y + ) — cosy — cos 0,

N = cos o — sinysin 0.
0N,
I
a a
\L ﬂ

Figure 1: Spherical equilateral pentagon.

Let ¢; be the arcs connecting respectively (53, €), («, ), (5,9), (7,€), (a, ).
The quadratic equation above is derived from the attempt to calculate c;.
By calculating each of the five arcs, we get five quadratic equations

Licos’a+ M;cosa+ N; =0, i=1,23,4,5.

The five quadratic equations should share a common root cosa. The sharing
of a root among two quadratic equations can be detected by (and is equivalent
to) the vanishing of the resultant
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The sharing of a root among five quadratic equations can be detected by
(but may not be equivalent to) the vanishing of four resultants that relate
all five equations together.

As pointed out in the introduction, the equilateral pentagon has three
degrees of freedom. If we have three independent relations among the five
angles, then the pentagon should be completely determined. Specifically, we
may use the three independent relations to express five angles in terms of
two. Then the resultants are functions of two free variables. We find the
pentagon by looking for the common zero of four resultants.

We find the relations among angles by looking at possible angle combina-
tions at vertices. For example, a vertex combination a5y at a vertex implies
a relation o + 8+~ = 27. The fact that all five angles must appear at some
vertices imply certain number of such relations. The details are given by
Table 1 extracted from [4]. The angles in the table are all dinstinct.

For any tiling, we call the collection of all the angle combinations at degree
3 vertices the anglewise vertex combinations at degree 3 vertices. We denote
the collection by AVCj;. By [4, Theorem 1], for a tiling (not necessarily by
pentagons) of any surface (not necessarily sphere) with at most 5 distinct
angles appearing at degree 3 vertices, the AVCj3 contains the necessary part
of a collection in the table, and is also contained in the necessary plus the
optional part of the collection.

The table has five parts, corresponding to the number of distinct angles
appearing at degree 3 vertices. For example, the first case of the three angle
part is

{apy} € AVC; C {afpy,a’}.

The consideration of pentagonal tilings of the sphere imposes more restric-
tions. For example, if AVC3 = {af~v}, then a5y is the only degree 3 vertex.
By [4, Lemma 3|, however, this would imply that each «, 3, appears at
least twice in the pentagon, contradicting to only five angles in a pentagon.
Therefore a® must also be a vertex, and AVC3 = {a3v,a3}. By [4, Lemma
3] again, since o appears at all degree 3 vertices, it must appear at least twice
in the pentagon.

There is a simple inequality constraint on angles in a equilateral pentagon,
given by [3, Lemma 21| (or [2, Lemma 3]). The constraint has been success-
fully used in [2] to eliminate quite a number of cases. By the constraint, it
is easy to see that a quadrilateral pentagon can only allow odd number of
distinct angles. Moreover, by [4, Lemma 4|, there is at most one vertex not
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Table 1: Anglewise vertex combinations at degree 3 vertices, up to 5 angles.

appearing at degree 3 vertices. For the AVC3 above, therefore, «, 8,y must
be the only angles in the tiling. Then up to the symmetry of AVCj (i.e.,
exchanging 3, 7), the angles in the pentagon is either a?5%y or a33y. By [3,
Lemma 21] again, we see that a3~ is impossible, and for a?3%y, the angles
can have two possible arrangements in the pentagon

A: o, a, 8,7, 8], [, B, B, a,7].

We will denote the first arrangement by Al and the second arrangement by
A2.

Similar argument can be made for the other cases in the three angle part
of Table 1. We get the following complete list (up to the permutation of



symbols) of possible AVCss that also include the information on the angle
combinations in the pentagon. For each AVCj;, we need to further consider

two possible angle arrangements Al and A2. The total number of cases is
10.

3.1 {a?B*y: afy,a’}, 2 arrangements A.
3.2a {a?f%y: a?, a*y}, 2 arrangements A.
3.2b {a?B%y: a?B,av?}, 2 arrangements A.
3.3a {a?f%y: afB? 3}, 2 arrangements A.
3.3b {a?B%y: ay?, 3}, 2 arrangements A.

In fact, we can also get the list above by using [4, Proposition 5] and [3,
Lemma 21].

For the one angle part of Table 1, the same argument by using [3, Lemma
21] and [4, Lemma 4] shows that the pentagon must be o”. This leads to the
regular dodecahedron tiling.

For the two angle part of Table 1, the same argument leads to no possible
tiling. In fact, by [4, Proposition 5], the pentagon must be a?33, contradict-
ing to the requirement of odd number of angles.

The four angle part will be discussed in Section 3. The five angle part
will be discussed in Section 4.

This section will use the spherical trigonometry to show that none of the
cases from the three angle part gives pentagon fit for the tiling. We will
discuss the four angle and five angle parts in the later sections.

In the later part of the paper, we may also get some information about
angle combinations at vertices of degree > 3. Sometimes we know certain
angle combinations must appear, and some other times we know all the
possible (but not necessarily appearing) angle combinations at all vertices.
We call such a collection anglewise vertex combination and denote by AVC.
The AVC may also include the angle combination in the pentagon or even
include the specific angle arrangement in the pentagon. Note that the AVC
is only partial because it may not be equal to the actual collection of angle
combinations. We will specify the relation between the partial AVC and the
actual AVC.

In the remaining part of the section, we show that the three angle cases
do not lead to tilings. These are actually reduced cases. By the symmetry of
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the pentagon, we have ¢; = ¢o and c3 = ¢5 in Figure 2. The picture depicts
the arrangement A1, and we have similar equalities for the arrangement A2.
Hence we only have three quadratic equations for cosa. Moreover, the two
vertices in AVCj enable us to express all three angles in terms of one angle.
Therefore we only look for the common zero of two resultants that depend
on single angle variable.

SN

a a
€013

a \\03%04/ a
\8-~ q
Figure 2: Three quadratic equations for three angle cases.

For example, in Case 3.1, the equations a + 8 + v = 3a = 27 imply that

2 4 1 4
a =3, 7:§7T—B, 204—0—2B+7—37T:ﬁ—§7r:?7r.

The condition f > 16 means %71’ < p < 1—7277. For the arrangement Al,
Figure 3 gives the graph of the resultants Rj3 (in red) and Ry4 (in blue)
on the interval [0.37,0.67] containing (37, 57]. In Figure 3, we find that
the common zero of the two resultants is approximately § = %7‘(‘. The exact
value can be further confirmed by symbolic computation. Since this implies
f = o0, the solution is dismissed.

In Figure 3, we omit 7 in the coordinates values. So 0.6 for § really means
£ = 0.6m. We will adopt the same convention in Figures 4 and 8.

We carry out the similar calculation for all the three angle cases and two

arrangements for each case. We find no pentagon suitable for tiling.

3 Four Angles at Degree 3 Vertices

We explained in Section 2 that, by [3, Lemma 21], the number of distinct
angles in an equilateral pentagon must be odd. For the four angle and five
angle parts of Table 1, therefore, the pentagon must have five distinct angles
a, B,7,6, €. In particular, the angle ¢ appears only at vertices of degree > 3



0.6

0.41

0.2

Figure 3: Case 3.1, arrangement Al, Ri3 and Ryy.

in the four angle part. Moreover, up to the symmetry of flipping, there are
generally twelve ways of arranging the angles in the pentagon

B: [05757/77676]7[057ﬁ777675]7[a7ﬁ757776]7[&75757677]7
[a7/8?67775]7[a?/8’67577]7[CY?,}/?/B?(S’E]’[a?,Y?/B?E?(S]?
[QJ’)/?(;’/B?E]?[a?7767/675]7[a767/87776]’|:a757fy7/876:|'

Of course, further symmetries in some cases may reduce the number of ar-
rangements we need to consider.

For the first combination {a3v, @§?} of the four angle part of the table
(i.e., aBy and ad? belong to the actual AVC3), if there are no more degree 3
vertices, then « appears at every degree 3 vertex. By [4, lemma 3], this im-
plies that o appears at least twice in the pentagon. The contradiction shows
that one of the optional vertices must appear, and we get two combinations

{apy,ad?, 36}, {aBy,ad, (%},

Similar argument for the second combination {a37, a?d} also gives two com-
binations

{apy,a?s, 5%}, {apBy,a?s, 5.

Since a <+ 3 exchanges {afvy, ad?, 525} and {afy, a?d, 35%}, the four com-
binations may be reduced to three. Up to the permutation of symbols, the
actual AVCs must be one of the three combinations.
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For the combination {af?,vd?}, if there are no more degree 3 vertices,
then by the proof of the case {«?} in the proof of [4, Proposition 5], we
know that [ and ¢ appear together at least three times in the pentagon.
This contradicts to the five distinct angles in the pentagon. Therefore the
optional vertex od must appear, and we get AVCs = {a 8%, 762, a0},

For the combination {afv,d%}, we actually have AVCs = {af3v,d%}.
Then we make use of the fact that the fifth angle € only appears at ver-
tices of degree > 3. By [4, lemma 4], one of ae®, B3, ve3, d¢®, €', €© must
be a vertex. Up to the symmetry of exchanging «, 3,v, we may omit (3¢
and ye®. Any of the remaining combinations ae?®, de, €*, €® can be added to
AVC; = {af7, %} to get a subset of the actual AVC.

In summary, for the case of four distinct angles appearing at degree 3
vertices, we get the following complete list of possible triples of angle combi-
nations that must appear at vertices. The 12 arrangements are given by B,
and the reductions of arrangements by further symmetries are also indicated.
The total number of cases is 72.

4.1a {af~de: aBy,ad? B*5}. 12 arrangements B.

4.1b {afvyde: afy,ad?, 3}, 12 arrangements B.

4.1c {apBvyde: afy,a?d, 3}, 12 arrangements B.

4.2a {af~yde: aBy, 8, ae’}. 6 arrangements (3, exchange).
4.2b {afyde: afy, 53, de3}. 2 arrangements (a, 3,7 exchange).
4.2¢ {apfvyde: afy,d3, €'}, 2 arrangements (a, 3,7 exchange).
4.2d {afyde: afy, 83, €°}. 2 arrangements (o, 3,7 exchange).
4.3 {afyde: af? 62, a?d}. 12 arrangements B.

4.4 {afyde: aff? a?y,5%}. 12 arrangements B.

3.1 Cases 4.1, 4.3, 4.4

We will follow the spherical trigonometry outlined in Section 2. For the
concerned cases, we may express 3,7, 0 in terms of «, so that the resultants
become functions of a,e. Note that among the five quadratic equations for
cos a, two do not involve €, so that the resultant of these two is a function of
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a only. We can find the value of « as the zero of this resultant. Then we can
substitute the value of o into the other resultants, and find € as the common
zero of the other resultants.

For example, consider the arrangement B1 of Case 4.1b

{[o, B,7, 6, €]: aBy, ad?, B3},

From the equations o+ +v = a4+ 20 = 30 = 27, we get

ﬁ:§7ﬂ WZZW—O&, 5:7T—§a.

This implies

3 2
O<OC<ZL7T, Oé%gﬂ'.

Moreover, the number of tiles f > 16 imposes a condition on the area of the

pentagon
+B4+v+0+ 3T = L ——47r<17r
«Q € € 2a "

The resultant R4 does not involve €. It is the product of three factors

1 \2
Rﬁ) = (l—l—cos éa) )
RY = 2cos &

1 = coséoz—l,

1 1 11 1
Rﬁ) = (2 cos® 20~ 2 cos? 74 + cos 50~ 5) V/3sin 5

1 1 1 1

4 3 2
Za—2 o — Z o — =,
+ 6 cos 5 cos” ga 8 cos 2a+50082a 1

The first factor has no zero in the range (0,2m) for a. The zero of the
2

second factor within the range is @ = £, which is also forbidden. To get

the zero of the third factor, we solve Rﬁ) = 0 for sin 3« and substitute into

cos? %oz + sin? %oz = 1. What we get is the product of two factors

1 1 1
Fy = 24 cos® 504 — 24 cos? 5& + 2 cos §Oz + 1,
41 31 5 1 1
F5 =16 cos 5@—#8008 50&—24COS 504—8cos—0z+11.
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The zeros of the two factors within the range (0, %7‘(‘) are
a = 0.7961m, 0.47427.

Substituting the two « into the other resultants, we find that there is no €
satisfying Ri3 = Ro3 = R3; = 0 at the same time. We conclude that the
spherical pentagon does not exist.

Similar argument shows that the spherical pentagon does not exist in
Cases 4.1, 4.3, 4.4, for all the arrangements. For Cases 4.1a and 4.1c, the ar-

gument can actually be carried out with cos «, sin « instead of cos %a, sin La.

2

3.2 Case 4.2a

The problem here is that 3,7, cannot be expressed in terms of a only, so
that there is no “e-free” resultant. We simply need to treat all resultants
equally and consider the common zero of four resultants.

Consider the arrangement B1

{la, B, 7, 6, €]: By, 6%, ae’}.

The equations a +  + v = 30 = a + 3¢ = 27 imply that
~y T—oa— [, 37r, € 37r 3a
The condition f > 16 implies

.

N

1
a+5+7+5+e—37r=§(7r—a): T <

4
/
Therefore ]

Z—lﬂga<7r, a+ =21 — v <27,

In Figure 4, we plot the four resultant curves Ris = Ri3 = Ry = Ro5 = 0.
The green lines correspond to a = }ﬁr, a=mand a+ [ = 2r. We need
to look for solutions between the two vertical lines and below the scant line.
We find three possible intersections of the four curves within the range. We

may zoom in to get a more accurate values of the solutions

(a, B) = (0.25847, 1.5603), (0.5187,0.70187).
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The two solutions have f = 16.18, 24.93, contradicting to the requirement
that f is an even integer.

We observe that there is another solution that appears to be («, ) =
(m,im). We may use the symbolic computation to confirm that the exact
value is indeed a common zero of the four resultants. Therefore this solution
violates the requirement that o < 7 (o = 7 corresponds to f = 00).

So we conclude that the arrangement B1 of Case 4.2a does not admit
spherical pentagon suitable for tiling. Similar argument shows that all ar-
rangements of Cases 4.2a do not admit suitable spherical pentagon suitable
for tiling.

The argument for the case is typical. After getting the approximate
(sometimes exact) values of all the angles from the common zero of four
resultants, we calculate the approximate value of f. If the approximate
value implies that f is not an even integer > 16, then the solution can be
dismissed. This is exactly what happens to all the arrangements of Cases
4.2a.

In case we see a “borderline solution”, we always have an exact value of
the solution. Then we can use symbolic computation to confirm the exact
value, so that the solution can be dismissed due to the violation of some
strict inequality.

Finally, we remark that Cases 4.1, 4.3, 4.4 can also be treated by the
method for Cases 4.2a.

3.3 Case 4.2b

Up to the permutation of «, 3,7, we only need to consider the arrangements
B1 and B3. The equations a4 8 4+ v = 30 = 0 + 3¢ = 27 imply that

2 4
v=2r—a—(, 6:§7r, e:§7r, f = 36.

The range for («, ) is

a>0, >0, 0<a+p<2m,

For the arrangement B1, we look for the common zero of four resultant curves
Ry = Ro3 = Ryy = Ro; = 0, and find three solutions within the range

(a, B) = (0295397, 1.624537), (0.477,0.717), (0.8757,0.42997).
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— Rpp =
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range

0.9995 1 1.0005

Figure 4: Case 4.2a, arrangement Bl, Ris = Ri3 = R14 = Ro5 = 0.



However, the second solution violates [2, Lemma 3]. For the arrangement
B3, we look for the intersection of four curves Ri3 = Ry = Ro3 = R35 =0
and find two solutions within the range

(o, B) = (0.777,0.867), (0.855m,0.4557).

However, the first solution violates [2, Lemma 3].

For the solution (a, #) = (0.295397, 1.624537), we have v = 21 —a— [ =
0.080087 (accurate up to —0.00002m, i.e., v € [0.080067,0.080087]). Then
we try to find all the possible angle combinations of37v¥6'e™ at vertices by
solving

ai + 7 + vk 4+ 0l + em = 2.

Unfortunately, we cannot solve the exact equation because we do not have
the exact values for all the angles. Still, since all five terms on the left are
positive, the approximate values of the five angles imply

i<6,j<1, k<25 1<3 m<4

Therefore any solution to the exact equation also satisfies
. . 2. 4
0.29539: + 1.624535 + 0.08008k + §l + g™~ 2| < 0.0006.

The choice of the right side is due to
(6 + 1) - 0.00001 + 25 - 0.00002 < 0.0006.

We substitute all combinations of indices i, j, k, [, m within the bounds to the
inequality above and found exactly three combinations a3y, 6%, de satisfying
the inequality.

Similar argument shows that for the solutions («, 8) = (0.87577, 0.42997)
and (0.8557,0.4557), there are also exactly three combinations a3y, §2, de3.
We need 5 digit approximation for the first solution because v is very small,
which means £k can be as big as 25. The bounds for the two solutions here
are much smaller, and 4 digit and 3 digit approximations are sufficient.

It remains to find the tiling for AVC = {afvyde: afvy,d?,de3}. By the
proof of [4, Theorem 6] for the full AVC {36a3vde: 36avy,853,120¢3}, there
is no tiling with a/3v, 63, € as the only vertices.
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3.4 Cases 4.2c and 4.2d

For Case 4.2¢, we have
2 1
a+ 6 +v=2n, 5:§7T, €= 57, f=24.

The common zero of four resultants similar to the case 4.2b gives five solutions

(a, B) = (0.27849, 1.59984x), (0.521, 0.701), (0.820, 0.4847); (for B1)
(0.73m,0.817), (0.8017,0.5117). (for B3)

For Case 4.2d, we have

2 2
a+ 6 +v=2m, 5:§7T, 6257(, f = 60.

The common zero of four resultants gives five solutions

(a, B) = (0.310317, 1.642607), (0.447, 0.72), (0.92297, 0.38907); (for B1)
(0.817,0.907), (0.90597, 0.40937). (for B3)

For both cases, the second and fourth solutions violate [2, Lemma 3.
For each of the remaining six solutions that do not violate [2, Lemma 3],
we may calculate all the angle combinations at vertices similar to Case 4.2b.
We find that /37,82, €* are the only vertices for Case 4.2¢, and afy, 62, €
are the only vertices for Case 4.2d. Then by the proof of [4, Theorem 6] for
the full AVCs {24a8~vde: 24a 37,853, 6¢*} and {60a3vde: 60ay,208%, 126},
and the argument for [4, Theorem 7], only the fifth solutions of the two cases
admit tilings, and the tilings are the pentagonal subdivisions of platonic
solids.

It remains to verify that the fifth solutions of the two cases can be realized
by actual spherical pentagons. By finding the common solution of the five
resultants, which are quadratic equations of cosa, we can find the approx-
imate values of edge length a for the two solutions. For example, we find
a = 0.177 for the fifth solution of Case 4.2c. This mean that we expect the
exact value a € [a_,ay] = [0.177,0.187]. We will see that [a_,a;] C (0, 37)
for two solutions here as well as all the later solutions.

Figure 5 shows the possible pentagons in arrangement B3, with A, B,
C, D, E being respectively the vertices where the angles o, 8, v, 9, € are
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located. We consider the pentagon as obtained by glueing the isosceles tri-
angles AACE, ABCD and the middle triangle AABC' together. This is
indeed the case for the left and middle situations, where the triangle AABC
lies inside the pentagon. Our subsequent discussion will also be based on
this assumption. In the right situation, the triangle AABC' is not inside
the pentagon, and we will explain why this and the similar situation do not
happen for our solutions.

C

c

B /N 3D e
Y E(c ¥[B
Y // \\ !

/ N aia a_a
A

A B A A

Figure 5: Various possible shapes of the pentagon for B3.

The known precise values of § and € determine the triangles AACE and
ABCD as functions of a. In particular,

2

x = BC = arccos(cos® a + sin® a cos ),

y = AC = arccos(cos? a + sin? a cos ),

4]
¢ = ZCBD = arctan <secacot §> ,
v = LCOAE = arctan (secacot %) .

For the range [a_, a] of a, we find the corresponding ranges [x_, 4], [y—, y+],
[6_, 4], [—, 1] for z,y, ¢, 1. The existence of the middle triangle AABC
can be verified by showing that the ranges satisfy

a+r+y<2m, a<z+y, z<a+ty, y<a+zx

This shows the existence of the pentagon with the given precise values of
d,e and a range [a_,a,] for a. Yet this does not prevent the shape of the
pentagon to be the right of Figure 5. We may verify that the triangle AABC
indeed lies inside the pentagon, by further showing that the ranges of ¢ and
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1 and the initial approximate values of «, 8 from the two solutions satisfy
the following inequalities

a>1, [>¢, v=2r—a—p>¢+.

To verify the original definition of Case 4.2¢, it remains to show that the
equality o + 5+ v = 27 can be achieved for some a € [a_,ay]. For this
purpose, we have the angles of the triangle AABC

JOAB — arccos (cosx - cosacosy)

sin a sin y

JOBA = arccos (cosy - cosacosx) |

sin a sin x

JACE = arccos (cosa — cosxcosy)

sin x sin y
and further the angles «, 8,y as functions of a, x,y
a=¢y+/CAB, [=¢+ LCBA, ~=¢+¢+ LACB.

Substituting the formulae of x,y, ¢, as functions of a, the angles «, 3, 7,
LCAB, ZCBA, ZACB may be expressed as functions of the single variable
a. Then we need to achieve the vanishing of the following function of a

fla)=a+B+y—2r=LCAB + /CBA+ LACB + 2¢ + 2 — 2r.

We get the existence of a by showing that f(a_) and f(a,) have opposite
signs and then applying the mean value theorem.

For the fifth solution of Case 4.2c, we find the approximate edge length
a = 0.177 from the common solution of two resultants. By

£(0.177) = —0.028,  f(0.187) = 0.035,

and the intermediate value theorem, there is a € [0.177,0.187] satisfying
f(a) = 0. We may further apply the intermediate value theorem to f(a) =0
to get more and more digits for a. In fact, we get

a = 0.174527318542474596698473810267
because for this value of a, we have

fla) ==38x10"" <0, f(a+10"*m)=26x10"" >0.
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Using this value of a, we get

a = 0.801068329059920462607312422969,
B =0.51139177170631338496460382209,
v = 0.68753989923376615242808375493,

and
¢ =0.1897m, ¢ =02757, x=0.2987, y=0.2407.

We verify that the inequalities between a,x,y and between «, 3, ¢, are
satisfied, so that the pentagon indeed exists and is shaped like the left of
Figure 5. The numerical data for the pentagon is depicted on the left of
Figure 6.

C C
Edsor © 0 0.66m0D EQa00x; O 0.666m7
0271 0.241  0.297 0.187 0.3107 0.1377 0.20471 0.1767
a // \\ a a // \\ a
;0.8071 0.517T_; \—0‘1.9057'(‘ 0.409#
a A g—
A B A B

Figure 6: Pentagon for {[a, 3,8,7,¢€]: afv, 3, et or €}.
Similarly, for the fifth solution of Case 4.2d, we have

a = 0.118647334865501893582931118986,
a = 0.905942593574543832769182439026,
B = 0.409303454898146180685546402290,
v = 0.68475395152730998654527115868,

and
¢ =0.176m, ¢ =0.310m, x=0.2047, y=0.1377.

This also implies the existence of the pentagon, which is also shaped like the
left of Figure 5, with the numerical data depicted on the right of Figure 6.
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4 Five Angles at Degree 3 Vertices

Suppose the pentagon has five distinct angles «, 3,7, d, €. By [4, Lemma 3],
no angle can appear at all the degree 3 vertices. For the first combination
{a B, ade} in the five angle part of Table 1, therefore, some optional vertex
not involving a must appear. Up to the symmetry of symbols, we may assume
that either ve? or 2 appears. If we further include the optional vertex o for
the combination {af37, de?}, then we get the following list of possible triples
of angle combinations that must appear at vertices from the five angle part
of Table 1. The total number of cases is 102.

5.1a {afBvyde: afy,ade, ve*}. 12 arrangements B.

5.1b {afBvyde: afBy, ade,v3}. 6 arrangements (§, € exchange).

5.2 {aBvyde: afy,ad? a’e}. 6 arrangements (3, v exchange).

5.3 {aBvde: afy,ad?, Be*}. 6 arrangements ((«, ), (3, €) exchange).
5.4 {afyde: afy, ad?, f*e}. 12 arrangements B.

5.5 {aBvyde: afy, ad? 6€*}. 6 arrangements (3, exchange).

5.6 {afBvde: afy,ad? 3}. 6 arrangements (3, exchange).

5.7 {aBvyde: afy,a?s, f%e}. 6 arrangements ((a, d), (B3, €) exchange).
5.8 {afyde: afy,a?s, 6%}. 12 arrangements B.

5.9 {aBvde: afBy,a?s, e}, 6 arrangements (3,7 exchange).

5.10 {afvyde: afy,de?, a®}. 6 arrangements (/3,7 exchange).

5.11 {afyde: af? 62, a’e}. 12 arrangements B.

5.12 {afyde: aff? 62, €3}. 6 arrangements ((a, 3), (v, d) exchange).

It remains to consider the combination {afv,de*} in Table 1, with the
additional assumption that there are no other degree 3 vertices. If there are
degree 4 vertices, then we consider all the possible combinations at a degree
4 vertex and get the following complete list. Here the angle combinations at
the degree 4 vertex are ordered by the types # # #%, * * 2, #2x2 xx3_ x* We
also note that the combination {afv,de?, €t} is dismissed because it implies
f = 8. The total number of cases is 124.
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1.1 {apyde: afBy,de?, afde}. 6 arrangements.

1.2a {afvde:

1.2b {apyde:

1.2¢c {afde:

1.2d {af~vde:

1.2e {af~de:

1.3a {afvde:

1.3b {apyde:

1.3c {apf~de:

1.4a {afyde:

1.4b {af~de:

1.4c {apf~ode:

1.4d {apyde:

1.4e {af~de:
1.4f {afvde:

1.5a {afyde

afy,6e?, aB?0}. 12 arrangements B.
afy,de?, aB?e}. 12 arrangements B.
afy,de?, aBd*}. 6 arrangements.
afy, 0%, afBe?}. 6 arrangements.
afy,de?, ad’e}. 6 arrangements.
afy,de?, a?3?}. 6 arrangements.
afy, 0%, a?6%}. 12 arrangements B.
afy,de?, a’e?}. 12 arrangements B.
afy,de?, aB®}. 12 arrangements B.
afy,d€?, ad®}. 6 arrangements.
afy,de?, ae3}. 6 arrangements.
afy,de?, a3d}. 6 arrangements.
afy,d€?, ae}. 6 arrangements.
afy,d€%, 0%}, 2 arrangements.

. afy,d06%, o}, 6 arrangements.

1.5b {aBvde: afBy,de?, 51}, 2 arrangements.

If there are degree 5 vertices, then we consider all the possible combina-
tions at a degree 5 vertex and get the following complete list. Here the angle
combinations at the degree 5 vertex are ordered by the types * * %2, * %2 %2,
5+ %3 #x1 %5 We also note that the combination {af37, d€?, €} is dismissed

because it implies f = 2—3?. The total number of cases is 190.
2.1a {afyde: afy,de?, a?de}. 12 arrangements B.

2.1b {apBvyde: afy,de?, aBd*c}. 6 arrangements.
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2.2a {afvyde:
2.2b {apyde:
2.2¢ {apyde:
2.2d {apyde:
2.2e {afvyde:
2.3a {afyoe:
2.3b {afyde:
2.3c {af~de:
2.3d {apyde:
2.4a {af~oe:
2.4b {apyde:
2.4c {afvde:
2.4d {afyde:
2.4e {apyde:
2.5a {afyde:
2.5b {apyde:
2.5¢ {apyde:
2.5d {apyde:
2.5e {afvyde:
2.5f {af~de:

2.6a {apyde

2.6b {afyde:

afy,d€,a?B?0}. 6 arrangements.
afy,de?, a?BF%e}. 6 arrangements.
afy,de?, a?d%e}. 6 arrangements.
afy,de?, af?6%}. 12 arrangements B.
afy,de?, afB?e*}. 12 arrangements B.
afy,de?, a3de}. 6 arrangements.
afy,de?, aB3d}. 12 arrangements B.
afy,de?, aB3}. 12 arrangements B.
afy,de?, ade}. 6 arrangements.
afy,de?, a?B3}. 12 arrangements B.
afy,d€%,a?63}. 12 arrangements B.
afy,de?, a’e3}. 12 arrangements B.
afy,de?, a36%}. 6 arrangements.
afy,de?, a®e?}. 6 arrangements.
afy,6e?, aB*}. 12 arrangements B.
afy,de?, ad'}. 6 arrangements.
afy,de?, ae'}. 6 arrangements.
afy,de?, atd}. 6 arrangements.
afy,de?, ate}. 6 arrangements.
afy,de?, 6%}, 2 arrangements.

: afv,06%,a°}. 6 arrangements.

afy,d€%,6°}. 2 arrangements.
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Finally, we need to consider the case that a8y and de? are the only degree
3 vertices, and there are no vertices of degree 4 or 5. In Section 4.1, we will
show that the only possibility is that d° is a vertex, and 6, € are not adjacent
in the pentagon.

For each case, we carry out the calculation similar to what is outlined
for Case 4.2a in Section 3.2. In most cases, we find no common zero for
the resultants within the natural range for the angles. If there are solutions
within the natural range, then we further calculate the approximate value of
the number f of tiles. In many cases, we find that the approximate value
implies that f cannot be an even integer > 16, so the cases can also be
dismissed. After eliminating all these “trivial” cases, the remaining cases are
1.2e, 1.4f, 1.5a, 1.5b, 2.4b, 2.5f, 2.6b, 5.5, and the exceptional case that afvy
and de? are the only degree 3 vertices, and there are no vertices of degree 4
or 5. We will study these cases in the subsequent sections.

4.1 {aBvyde: aBy,de}, vy =v5 =10

We first study the exceptional case that a3y and de? are the only degree 3
vertices, and there are no vertices of degree 4 or 5.

By [2, Proposition 1], any pentagonal spherical tiling must have a tile
with four vertices having degree 3, and the fifth vertex having degree 3, 4, or
5. Since vy = v5 = 0 in our exceptional case, there is a tile with all vertices
having degree 3. We call such a tile 3°-tile.

The neighborhood of the 3°-tile is given in Figure 7. We denote the tiles
by P;, denote the vertex shared by F;, P;, P, by Viji, and denote the angle of
P; at Viji by A .

Figure 7: Neighborhood tiling for AVC3 = {a/3, de?}.

Up to the symmetry of AVC; = {af37,d¢*}, we only need to consider
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the arrangements Bl and B3. The center tile of the left of Figure 7 has
arrangement B1. By AVCs;, we get Viss = 0€?, so that Vsie = Vo1 = €.
Since ae - - - is not in AVCjs, the angle o of Py adjacent to € must be located
as indicated. Then the angles o and € of Py determine the locations of all
the angles of Fs;. By AVCs, we further get Ay 6 = €. Then the angle of P,
labeled 7 is adjacent to € and therefore must be v or 6. This means either
a?--- or ad--- belongs to AVCs, a contradiction.

So we only need to consider the arrangement B3, as indicated by the
center tile of the right of Figure 7. Using the similar argument, we get the
unique locations of all the angles in the neighborhood.

Next we will argue that the number of tiles f < 24. Since f is even, it is
sufficient to show that f < 26. We note that AVCj3 implies
4 8
f7r, ) f7r.

Since f > 16, we have § < %ﬂ'. We will have two inequality restrictions on f.

We consider pentagon in Figure 5. We have a < 7 because otherwise any
two adjacent edges would intersect at two points. We may determine arcs x
and y by the cosine laws

1
a—l—ﬁ+’y+5—l—e—37r:§5:

cos x = cos® a + sin a cos §,

cosy = cos® a + sin” a cos € = cos® a — sin® a cos —.

2

The inequality y — x < a then defines a region on the rectangle (a,d) €
(0,7) x (0, 3.

For %7‘(‘ < a < 7, another inequality may be obtained by estimating the
area of the pentagon. Since § < %7‘(, the triangle BC'D lies outside the
quadrilateral ABCE. Therefore

4
?71' = Area(pentagon ABDCE) > Area(quadrilateral ABCFE).

The area of the quadrilateral can be further estimated
Area(quadrilateral ABCE) > Area(triangle ACE) — Area(triangle ABC).

By the assumption %’/T < a <, we have

Area(triangle ACE) > e=m —
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Moreover, Area(triangle ABC') + 7 is the sum ) of the three angles of the
triangle ABC. Combining all the inequalities together, we get

Z > 2 <7T — éw) .
f

The triangle ABC' has sides z, y, a, and its three angles can be calculated by
the cosine law. Then ) may be explicitly expressed as a function of (a, ).

To show that f > 26 leads to contradiction, we note that f > 26 implies
o> %7‘(’ by the estimation above. In Figure 8, the solid curve separates the
regions y —x < a and y — x > a, and the dashed curve separates the regions
o> f—gﬂ and ) < %ﬂ'. Moreover, the horizontal dotted line corresponds
to f = 26, and the vertical dotted line corresponds to a = %W. We see that,
for f > 26, the condition y — = < a is not satisfied for a € (0, 37|, and the

condition Y- > 27 is not satisfied for a € [37,7). Thus we conclude that
f <24,

0.57

0.41 y-—r<a

Figure 8: f < 24 for AVC3 = {af, d¢*}.

By the vertex counting equation (see [3, page 750], for example)

g—622(/@—3)%:v4+2115+31)6+---, (1)
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and [7, Theorem 6], f < 24 implies that either the tiling has vertices of
degree 4 or 5, or f = 24 and the tiling is the earth map tiling with exactly
two vertices of degree 6. The former case is covered by the calculation of the
cases 1.x and 2.x and will be discussed in Sections 4.3 and 4.4. So we will
only study the earth map tiling.

There are five families of earth map tilings, corresponding to distances
5,4,3,2,1 between the two vertices of degree > 3, called “poles”. They are
obtained by glueing copies of the “timezones” in Figure 9 (three timezones
are shown for distance 5) along the “meridians”. The vertical edges at the
top meet at the north pole, and the vertical edges at the bottom meet at the
south pole. For f = 24, the tiling consists of two time zones for distances
4,3,2,1 and six timezones for distance 5.

AR HE Y |

distance 5 distance 4 distance 3 distance 2 distance 1
Figure 9: Timezones for earth map tilings.

Next we carry out the propagation argument in [2, Section 2] leading
to the proof of Proposition 4 of that paper. The neighborhood of a 3°-tile
is given by the right of Figure 7. If a nearby tile is still a 3°-tile, then its
neighborhood is again given by the right of Figure 7. To see whether this is
possible, we simplify the presentation of the neighborhood tiling on the right
of Figure 7 by keeping only v and the orientations of the angle arrangement.
This gives the left picture in Figure 10. The middle picture is the mirror
flipping of the left picture.

P D 43

Figure 10: Propagation of the neighborhood tiling.

Now each nearby tile is adjacent to three tiles in the neighborhood tiling.
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We may compare the location of v and the orientations of the three tiles
with the left or the middle picture (depending on whether the nearby tile is
positively or negatively oriented). If everything matches, then the tile can
be (but is not necessarily) a 35-tile, and we indicate the tile by 3° on the
right of Figure 10. If there is a mismatch, then the tile must have a vertex
of degree > 3 (i.e., high degree), and we indicate the tile by “high”.

We apply the propagation to the *-labeled 3°-tiles in Figure 9. For dis-
tances 4,3,2,1, all x-labeled tiles have at least three nearby 3°-tiles. Since
the right of Figure 10 has only two nearby 3°-tiles, it cannot be the neighbor-
hoods of the *-labeled tiles. For distance 5, we note that only the two tiles
on the left and right of the *-labeled tile are 3°-tiles. These two must be the
two nearby 3°-tiles on the right of Figure 10. Guided by this observation, it
is easy to derive the unique earth map tiling of distance 5 in Figure 11 (only
three of the six timezones are shown). In particular, we find that ¢° must be
a vertex.

Figure 11: Tiling for AVC3 = {3y, de*}, vy = v5 = 0.

So we calculate the equilateral pentagon with the angle arrangement B3
and three known vertices a7, de2, 8%, The common zero of four resultants
gives three solutions

(o, B) = (0.14407, 1.33337), (0.11927, 1.38077), (0.887, 0.617),
(0, ¢) = (3m, gm).
The third solution violates [2, Lemma 3]. Using the exact values of 4 and e,
we may further get the following data for the first and second solutions
a=0.2501r, x=0.23017r, y=0.47887, ¢ = 0.37667, 1 = 0.1153m;
a= 026147, = =0.23857, y=0.5000m, &=0.38077, @ =0.11927.

Similar to Section 3.4, we can verify that the inequalities between a, x,y and
between «, 3, ¢, 1 are satisfied for the first solution. The data for the second
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solution suggests y —x = a, @ = ¥ and [ = w + ¢. Since the existence of
the pentagon depends on these exact equalities, the approximate numerical
computation is not enough to verify the existence. We will use symbolic
computations to exactly verify the equalities. The details will be given in
Section 4.3. In fact, the data also suggests § = %7‘(‘ for the first solution. We
will also verify this by symbolic computation. The details will be given in
Section 4.2.

4.2 Case 5.5

Only the arrangement B5 gives non-trivial solution. To make the arrange-
ment consistent with the 4.x cases and the exceptional case, we exchange
a and 3 to translate the arrangement B5 to the arrangement B3. So we
consider

AVC3 = {[a7ﬁ>6777 6]: a577ﬁ527562}'

The common zero of four resultants gives

4 1 5
a=0.1440mr, B = §7r, v =0.5226r, 6= gﬂ', €= 671', f=24.

Note that at the moment, all the values are only approximate, and the exact
value of f3, 4,y will be justified by symbolic computation.

By the method in Section 3.3, we get all the possible angle combinations
at vertices

AVC = {[a, B,0,7,€]: afy, 6%, 0€%, a4, a?4%8%, ayd?, 501

Of course “possible” does not mean necessarily appearing. So the actual
AVC is contained in the right side.

The AVC implies that the degrees of the vertices are either 3 or 6. By
f = 24, the vertex counting equation (1) and [7, Theorem 6], the tiling is the
earth map tiling with exactly two vertices of degree 6.

In Section 4.1, we explained that every earth map tiling has 3°-tiles. So
we study the possible ways of assigning the angles in the neighborhood of the
3-tile subject to our AVC. We will keep using the notations P;, Viik, Aijk
as before.

By AVC, we have Vi34 = d¢®. This implies either Az 14 = 6, 4413 = e,
or Az 14 = €, Ay13 = d. The left of Figure 12 describes the former case. By
AVC, we know Aj 15 # 7, therefore the angle vy of P; adjacent to Asq14 = 0
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Figure 12: Neighborhood tiling for

must be located as indicated. This determines all the angles of P;. By the
same reason, we may determine all the angles of P;. By AVC, we further
get A3 = @ and Azq14 = . Since ae--- is not a vertex, the angle € of P
adjacent to As 13 = o must be located as indicated. This determines all the
angles of P,. Then by AVC, we get Ag 12 = €. If the angle o of Fy adjacent
to Ag12 = € is Ag 15, then we get As16 = v by AVC, so that 5 and v are
adjacent in Ps;. The contradiction implies that the angle o of Py must be
located as indicated. This determines all the angles of Fs. Then we get all
the angles of P5. The tiling is the same as the right of Figure 7.

The middle and right of Figure 12 describe the case Az14 =€, Ay13 = 0.
We can successively determine all the angles of P3, P, as before, and get
Ayq3 = 0, A 12 = B. Then the middle and the right describe two ways the
angles of Pg may be arranged. In the middle, we find that the two ?-labeled
angles are o and e. On the right, the ?-labeled angle is § or €. Since ae- - -
is not a vertex, and ad--- ,ae--- are not degree 3 vertices, we always get
contradictions.

So we conclude that the right of Figure 7 (which is the same as the
left of Figure 12) is the only neighborhood tiling fitting the AVC. Then the
propagation argument in Section 4.1 (which no longer uses the AVC) shows
that the tiling is the earth map tiling in Figure 11. We find that the actual
AVC at the end is {a3v,d€e?,6°}. Since the AVC does not include $§2, the
pentagon and the tiling is for the exceptional case in Section 4.1, and is not
for Case 5.5. Furthermore, the approximate value of o shows that the tiling
is for the first solution of the exceptional case.

In Section 4.1, we already verified the existence of the pentagon, and
get the approximate value a = 0.25017. It is given by Figure 13, with the
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left being the scheme and the right being the actual shape. However, the
numerical computation cannot show that f(a) = 0 exactly matches § = §7r.

C C
00521 D
E0.83r PR 0.33m7 0 .
0.117 | \ -0.37n B
a // /Z/ \\
. ,’/ . O
\0.147  1.337/
A 7B A

Figure 13: Pentagon for {[a, 3,8, 7, €|: afBy, 362, de*}.

To prove the exact value of 3, 9, v, we reconstruct the pentagon by starting
with these exact values. This is possible because an equilateral pentagon
allows three free variables. The goal is to verify that o + 8 + v = 27 is
exactly satisfied for the pentagon, so that the original assumption on the
appearance of the vertices a3y, 502, 0€? is satisfied.

The two ways of calculating cosz by using the triangle ACE and the
quadrilateral ABDC' gives the quadratic equation for the cosine of the edge

length
4 1
O0=|(1—-cos—-7 1 —cos—7 | cos?a
3 3

oo 4,1 4 1
COS — COS — — — COS —7T — COS — COS
6" 373)7 3" E

5 o4 01
+ |cos =m — s —m s —7| .
{ 6 3 3 ]

By a = 0.25017 € (0, 17), the exact value of cosa is

cosaz%(—l—i—\/g—i-\/—f)—i—ll\/g).

We may construct the triangle AC'E using this a and € = %7‘(‘, and construct

the quadrilateral ABDC' using this a and § = %7‘(‘ and 0 = %7‘(‘. The validity of
the quadratic equation above means that the triangle and the quadrilateral
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have matching AC' = = edge. Therefore they can be glued together to form
a pentagon.

We can use a, 9, € to calculate the triangles AEC, BC'D and then further
use 3 to calculate the triangle ABC. Then we can confirm the approximate
values @ = 0.14407 and v = 0.52267. In the subsequent calculation of the
exact values of o and v, we will only choose the exact values consistent with
the approximate values.

The two ways of calculating cosy by using the triangle BC'D and the
quadrilateral ABCFE gives another quadratic equation for cosa

)
0= (1 — cos 671’) (1 — cos @) cos® a

+ |cos L + cos > + COS o cos /| cos
-7 —T+a| — —T — Q a
3 6 6

n 1 . )

COS —7m — sin =7 S .

37r in 67r ina

Substituting the value of cosa into the equation, we get a linear equation
relating cos a and sin «

<7+6\/§+8\/—5+4\/§+5\/§ —5+4¢§) cos a
+3(2+\/§+\/—5+4¢§) sin a

=19+ 3V3 + 5\ =5 + 4V3 + 5v/31/ =5 + 4V/3.

Then we get two possible . The one consistent with the approximate value
a = 0.14407 is

1
a—arctan§(4+3\/§—2 —5+4\/§+4\/§ —5+4\/§>

= (0.14400988468593670938539230388.

Similarly, the two ways of calculating cos z by using the triangle ABD
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and the quadrilateral ADCFE gives a linear equation relating cos~y and sin~y

(7+6\/§+8\/—5+4\/§+5\/§ —5+4¢§) cosy
+3<2+\/§+\/—5+4\/§) sin 7y

=7 —-3V3—1\/—5+4V3+5V3\/ -5 +4V3.

The solution consistent with the approximate value v = 0.52267 is

1
v = W—arctang (12+7\/§+6\/ —5+4v3+4V3 —5+4\/§>
= 0.52265678198072995728127436277.

Then we may symbolically verify

tan(m — ) —tana

t —a—n) =
an(m —a =) 1 + tan(7m — ) tan «

The only exact value of m — o — v consistent with the approximate value is
T—a—y=3t=[0-m.
4.3 Cases 1.2e, 1.5a and 2.4b

For the three cases, only the arrangement B11 = [«, 4, 3,7, €] admits mean-
ingful solutions. So the cases can be summarized as

{[o, 6, B,7,€]: aBy, 6%, ad’e or a* or a?§%}.
Again we translate into the arrangement B3 by exchanging a and ~
{lor, B,0,7, €] aBy, 6¢*, 78 or v* or 476%}.

In all three cases, the common zero of four resultants gives

1 1 )
—m, 0==-m, €e=-m [f=24,

T3 3 6

and two combinations of «, 5

3
a+5=§7r, a=vYorm—1, Y=0.11927.
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The exact values of v, d, € will be justified by symbolic computation.

The second solution aw = m — 1) violates [2, Lemma 3|. From the solution
a =1, we get all the possible angle combinations at vertices by the method
in Section 3.3,

AVC = {[a, B, 6,7, €): afy,de?,v8%,~v*, 726, 6°}.

The actual AVC should be contained in the right side.

Since [ appears only at af7y, and the total number of times g appears
in the tiling is f = 24, we find that afvy appears 24 times. This implies
that v already appears 24 times at a87, and therefore cannot appear at any
other vertex. This implies that vd%e, 4%, v26% actually cannot appear, and
the actual AVC is contained in

{[ov, B,6,7,€]: afy, 5%, 6%},

Since this is contained in the maximal possible AVC studied in Section
4.2, the tiling is given by Figure 11. In particular, the actual AVC is
{aBy,d¢%, 6%}, which includes none of yd%¢, v*, 7263, Therefore the pentagon
and the tiling is for the exceptional case in Section 4.1, and is not for Cases
1.2e, 1.5a and 2.4b. Furthermore, the approximate value of a shows that the
tiling is for the second solution of the exceptional case.

It remains to verify the existence of the pentagon. The approximate
values in Section 4.1 suggests o = 1, which means that the pentagon is
obtained by glueing two triangles ACE and BCD together, and the third
triangle ABC' is reduced to an arc. The situation is described in Figure 14.

To prove the configuration in Figure 14, we reconstruct the pentagon by
starting with the exact values of 7,9, ¢, and the assumption AE = AC =
BD = CD = a. The goal is to verify that AC' = BC + a, so that glueing the
two isosceles triangles ACE and BC'D gives a pentagon with equal sides.

We have

)
tan ¢ = secacot > tan vy = secacot g
Then ¢+ =~y = %7( implies that

€

secacot — -secacot — = 1.
2 2

Therefore

cosa =\ —3+42V3, sina= \/1—(—3+2\/§) = —1+3
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Figure 14: Pentagon for {[a, 3, 8,7, €]: aBv, d€,v6%€ or 44 or 4253}.

Here we choose cosa to be positive because the approximate value ¢ = a =
0.11927 implies tant > 0. Combined with cot § > 0, we get seca > 0. The
approximate value of a is

a = arccos \/ —3 + 2v/3 = 0.26143665075066716501668366307.

Now we have
5

cos AC' = COS2 a+ SiIl2 a COS 671'

= (-3+2V3) - (4—2@)? =0,

1
cos BC = COS2 a—+ Sln2 a CcOoS §7T

:4_3+%@y+M—2¢®%=—1+v§=$nw

The first equality implies AC' = %71’. The second equality implies cos BC' > 0,

so that 0 < BC < %’/T. Since we also have 0 < a < %W, the second equality
above implies BC 4+ a = %7? = AC.
The shape of the pentagon and the exact value of a imply the exact values

of a and 3
1 1
oz:w:§W—¢:§7r—arctan\/3+2\/§,

B=m+¢=mn+arctan /3 + 2v/3.
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Finally, we remark that the second solution with & = m — % (from the
common zero of our resultants) actually gives the complementary pentagon
ABDCE' in the e-part of the sphere (the 2-gon of angle e = 27).

4.4 Cases 1.4f, 1.5b, 2.5f and 2.6b

For Cases 1.4f and 2.6b, we have the following solutions from the common
zeros of four resultants

(o, B) = (0.937,0.727), (0.60557, 0.50247), (for B1)
(0.847,0.627), (0.30957, 1.06157), (for B3)

(6,€) = (3w, 2m), f=20.
For Case 1.5b, we have

(a, B) = (0.847,0.697), (0.63381, 0.56427), (0.101337, 1.567237), (for B1)
(

(0.787,0.647), (0.45367, 0.88237), (for B3)
(6,¢) = (%7?, %7?) , [ =16.

For Case 2.5f, we have

(@, B) = (0.997,0.787), (0.55887, 0.43717), (for B1)
(0.907,0.617), (for B3)

(0,€) = (%ﬂ', gﬂ') , =28
In all cases, the first and third solutions violate [2, Lemma 3|. For the

remaining solutions, we use the method of Section 3.3 to find all the possible
angle combinations at all the vertices

AVC = {aBy, 6%, 6%, 6°}, (for Cases 1.4f and 2.6b)
AVC = {aBy, 6%, 64, (for Case 1.5b)
AVC = {afy, 6%, 6%, 67} (for Case 2.5f)

We first prove that the AVCs above do not admit tilings with arrangement
B1. The left of Figure 15 shows what happens at a vertex of degree >
3, which means &3¢, 0%, %,6° or &7 in our AVCs. We always have three

35



consecutive ¢ at the vertex, and we may assume that the angles of P, are
arranged as indicated. By AVC, ve--- is not a vertex, so that the angle v
of P, adjacent to 0 must be located as indicated. This determines all the
angles of P,. Then by AVC, the vertex €2--- shared by P;, P, is de2. So we
get a tile P3 outside P, P, together with the location of the angle § of Ps.
Since the angle € in Pj is adjacent to 9, it is located at one of the ? marks.
This gives a vertex ae- - -, contradicting to the AVC. This proves that the
arrangement B1 does not admit a tiling.

Figure 15: Tiling for {[a, 3, 6,7, €]: By, €%, 5%, 65}, actually Case 2.6b.

Next we consider the arrangement B3, which means the fourth solutions
of Cases 1.4f, 2.6b and 1.5b. First assume ¢° is a vertex, for the Cases 1.4f
and 2.6b. On the right of Figure 15, we start from such a vertex at the
center. We may assume that the angles in P, are arranged as indicated. By
AVC, we may determine all the angles in the other tiles at the vertex 6°.
Then we use the AVC to further determine the five tiles similar to P, and
all their angles. Next we determine the five tiles similar to P and all their
angles. Finally we determine the five tiles similar to P, and all their angles.
The result is the earth map tiling of distance 5. Since 3¢ is not a vertex, the
tiling is really for Case 2.6b.

The same argument shows that the tiling for the fourth solution of Case
1.5b is also the earth map tiling of distance 5.

It remains to consider the arrangement B3 with the additional assumption
that 6° is not a vertex, and &3¢ is a vertex. This means Case 1.4f. We will
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show that the tiling is given by Figure 16. The tiling has two tiles with
two degree 4 vertices, which are drawn as the north and south “regions”
(as opposed to the two poles in the earth map tiling) P, Pio. The tiling is
obtained by glueing the left and right together.

north tile (region)

5 v e @ a 8 5

south tile (region)
Figure 16: Tiling for {[c, 3,4,7,€]: aBv, €%, 03¢}, actually Case 1.4f.

To argue for the tiling in Figure 16, we start with a vertex ¢ at the
e-angle of a tile P;. At this moment, we do not yet know the configurations
at the other four vertices of P;. By AVC, we may determine all the angles in
the other three tiles P, P3, P, at the vertex. Then we may further determine
the tiles Ps, Py, Pr, Py and all their angles. By AVC, the vertex €2 -- shared
by Ps, P; is de2. Then we may determine tiles Py, Pjp and all their angles.

The vertex de--- shared by Py, Py can be either de? or 6%. Suppose the
vertex is de2, then we may successively determine Pi5, Pi4, Py, P13, P11 and
find that the d-vertex of P, is d%¢---, which by AVC is 6%. Note that we
used 6%¢--- = 6% in determining P and used €?--- = e in determining
P13.

What we have proved can be interpreted as follows. If P, has only one
degree 4 vertex (which implies that the vertex de- - - shared by Py, Py is d€?),
then P; has two degree 4 vertices (which must be the d-vertex and the e-
vertex). Therefore we have proved that there must be at least one tile with
two degree 4 vertices.

So without loss of generality, we may assume that the tile P, we started
with has two degree 4 vertices. Then we repeat the argument and determine
the tiles Py, ..., Pig and all their angles. With the knowledge that the vertex
de--- shared by Py, Ps is 8%¢, we may further determine the tiles Py, . .., Py
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and all their angles as indicated by Figure 16.

Finally, we need to verify the existence of the pentagon. We may compute
the edge lengths and angles as in Section 3.4 and verify the inequalities needed
for the existence. For the fourth solution of Cases 1.4f and 2.6b, we have

a = 0.216837061350910003351365661654,
a = 0.309592118267723925415732247869,
B = 1.06152432808957675934745630289,

v = 0.628883553642699315236811449235,

and
¢ =0.336m, ¢ =0.126mr, x=0.241m, y = 0.4087.

The inequalities for the existence can be verified and we get the pentagon on
the left of Figure 17. For the fifth solution of Case 1.5b, we have

a = 0.215505695078307752117923461 7267,
a = 0.4536848189767118629447911059357,
B = 0.88238808379725439682846672428,
v = 0.6639270972260337402267421697 7,

and
¢ =0.2897, ¢ =0.1557, x=0.292m, = (0.3927.

Again the pentagon exists and is depicted on the right of Figure 17.

o C
a” 0,63m g a” 0,66 >q
Edbgor /. 040m)P EdQ e 7 os0mP
0.127 0.247r 0.297 0.337  0.157 0.247  0.297 0.287
a /// \\\ a a /// \\\ a
; 0.317  1.067 / \ 0.457 0.887m /
A “ B A “ B

Figure 17: Pentagon for {[a, 3,5,7,€]: afy, d€?, 53¢ or 6° or §}.
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